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Background: N-carbamyl-D-amino acid amidohydrolase (DCase) catalyzes the
hydrolysis of N-carbamyl-D-amino acids to the corresponding D-amino acids,
which are useful intermediates in the preparation of β-lactam antibiotics. To
understand the catalytic mechanism of N-carbamyl-D-amino acid hydrolysis, the
substrate specificity and thermostability of the enzyme, we have determined the
structure of DCase from Agrobacterium sp. strain KNK712.
Results: The crystal structure of DCase has been determined to 1.7 Å resolution.
The enzyme forms a homotetramer and each monomer consists of a variant of the
α+β fold. The topology of the enzyme comprises a sandwich of parallel β sheets
surrounded by two layers of α helices, this topology has not been observed in
other amidohydrolases such as the N-terminal nucleophile (Ntn) hydrolases.
Conclusions: The catalytic center could be identified and consists of Glu46,
Lys126 and Cys171. Cys171 was found to be the catalytic nucleophile, and
its nucleophilic character appeared to be increased through general-base
activation by Glu46. DCase shows only weak sequence similarity with a
family of amidohydrolases, including β-alanine synthase, aliphatic amidases
and nitrilases, but might share highly conserved residues in a novel
framework, which could provide a possible explanation for the catalytic
mechanism for this family of enzymes.
Introduction
Optically active D-amino acids are intermediates that are
useful in the preparation of physiologically active peptides
and β-lactam antibiotics such as semisynthetic penicillins
and cephalosporins. Several procedures for the chemical and
enzymatic production [1] of optically active amino acids
have been devised. A two-step enzymatic process starting
from D,L-5-substituted hydantoins is currently a primary
method used for the efficient production of D-amino acids.
The first step includes the hydrolysis of D,L-5-substituted
hydantoins with the spontaneous racemization to N-car-
bamyl-D-amino acids by a D-specific hydantoinase (EC
3.5.2.2). In the second step, the N-carbamyl-D-amino acids
are transformed enzymatically to the corresponding
D-amino acids with retention of their original configurations.
N-carbamyl-D-amino acid amidohydrolase (DCase) catalyzes
the second reaction: the hydrolysis of N-carbamyl-D-amino
acids to D-amino acids, ammonia and carbon dioxide.
D-Stereospecific DCase has been isolated from several
microorganisms: Pseudomonas [2,3], Agrobacterium [1,4,5],
Arthrobacter [6], Blastbacter [7] and Comamonas [8]. The bio-
chemical properties of the enzymes from Agrobacterium sp.
have been studied in some detail [9,10]. It appears that
DCase forms a dimer [11] or trimer [8] of identical subunits
of ~34 kDa. The D-enantiomer of the N-carbamyl amino
acid was required for DCase activity. Both the activity and
stability of DCase were negatively affected by oxidizing
conditions, representing a serious drawback to the utilization
of the enzyme. Biochemical and mutational studies showed
that a cysteine residue played a crucial role in enzymatic
activity and stability [10]. Several thermally stable mutants
of DCase have been obtained using recombinant DNA
techniques [12–14]. Despite tremendous efforts made to
characterize DCase, there is essentially no information avail-
able on its biological function. A search of the amino acid
sequence database reveals that DCase has limited sequence
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similarity to several amidohydrolases, including β-alanine
synthase (EC 3.5.1.6), aliphatic amidases and nitrilases
(Figure 1). Several highly conserved residues presumed to
be involved in the catalytic reactions of amidohydrolases
were identified from a multiple amino acid sequence align-
ment. DCase might be an enzyme that has diverged from
these amidohydrolases. It is suggested that these enzymes
share a common structural and catalytic framework,
although no structural information is yet available.
In order to understand the catalytic mechanism, substrate
specificity and thermostability of DCase from Agrobac-
terium sp. strain KNK712, we have determined the crystal
structure of DCase at 1.7 Å resolution. The structure was
solved by the multiwavelength anomalous dispersion
(MAD) method using ethylmercurithiosalicylic acid
(EMTS)-bound DCase crystals. Structural differences
between DCase and other amidohydrolases are discussed.
Residues that might be involved in catalysis and substrate
binding are also discussed on the basis of the available
structural data and molecular modeling studies.
Results and discussion
Quality of the structure
The stereochemical parameters of the final model of DCase
are shown in Table 1. There are two crystallographically
independent molecules in the asymmetric unit. The final
electron density permitted the modeling of all 303 residues
in molecules A and B. The overall G factor calculated by
PROCHECK [15] as a measure of the stereochemical
quality of the model is 0.30. The percentage of nonglycine
residues in the most favored and allowed Ramachandran
regions are 90.3% and 8.9%, respectively. Two residues in
each molecule, Cys171 and His284, are found to have a for-
bidden combination of dihedral angles of the peptide back-
bone; however, electron densities for these two residues are
clear and the B factors are low. Superposition of the crystal-
lographically independent molecules gives an upper esti-
mate of the accuracy in determining the atomic positions.
Molecules A and B, related by a noncrystallographic twofold
axis, could be superimposed with a root mean square (rms)
difference of 0.16 Å for 1152 mainchain atoms. Residues
100–105 and 132–140 were excluded from the comparison
because they have slightly different conformations in the
two molecules owing to crystal packing.
Overall structure
According to CATH protein classification [16], the
monomer of DCase has a four-layer sandwich architecture
with a sandwich of β sheets surrounded by two layers of
α helices (Figures 2a,b). Two six-stranded β sheets are
flanked by helices α1 and α3 on one side and by helices α5
and α6 on the other side, respectively. The central three
strands of each β sheet (strand order β14, β1, β2, β3, β4 and
β5; β6, β7, β8, β9, β12 and β13) form a parallel β sheet, and
the other strands snuggle up to the three-stranded parallel
β sheets in an antiparallel manner. The interface between
the β sheets is formed by tightly packed hydrophobic
sidechains. The interaction between the helices and the
β sheets is also predominantly hydrophobic. The long
strands of β3 and β4 bend at Ala96 and Asn109, respec-
tively, and are pushed out to the protein surface. 
From biochemical characterization studies of DCase it
has been reported that DCase forms a dimer or a trimer.
In the crystal structure, DCase exists as an associated 
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Figure 1
Amino acid sequence alignment of DCase
and four other amidohydrolases: row 1,
Agrobacterium sp. DCase (residues 1–303);
row 2, Pseudomonas sp. DCase (1–311);
row 3, P. aeruginosa amidase (1–346); row 4,
C. testosteroni nitrilase (1–354); row 5, rat
β-alanine synthase (1–333). The sequences
were aligned using the program CLUSTALW
[37] and modified to minimize insertions and
deletions in the secondary structure elements
of DCase, as analyzed by DSSP [38]. Gray
boxes and black arrows represent α helices
and β strands, respectively. The degree of
conservation is represented by background
shading of the residues. Four different
shading levels are used, with the darkest
shading for the most conserved: 100%
conserved, 80% or greater conserved, 60%
or greater conserved and less than 60%
conserved. The catalytically important
residues (Glu46, Lys126 and Cys171) are
marked by asterisks.
5  : YSPNIVKEDLVLAPSSG------------------------ : 333 
4  : QSEHVPVKKIGEQTNHFISYEDLHEDKMDMLTIPPRRVATA : 354 
3  : EKARDNVERLTRSTTGVAQCPVGRLPYEGLEKEA------- : 346 
2  : YRLIVERKGAVPPPQ-------------------------- : 311 
1  : YGLIAEL---------------------------------- : 303 
300
5  : YPNEFTSGDGKKAHHDLGYFYGSSYVAAPDGSRTPGLSRNQ----DGLLVTELNLNLCQQINDFWTFKMTGRLEMYARELAEAVKPN : 316 
4  : VIMSTNLVGQDMIDMIGKDEFSKNFLPLGSGNTAIISNTGEILASIPQDAEGIAVAEIDLNQIIYGKWLLDPAGHYSTPGFLSLTFD : 313 
3  : --SYFGHSAIIGFDGRTLGECGEEEMGIQYAQLSLSQIRDARANDQSQNHLFKILHRGYSGLQASGDGDRGLAECPFEFYRTWVTDA : 312 
2  : -----------STWVIGTAKCGTEEGSKMVGQSVIVAPSGE------IVAMACTIEDEIITARCDLDMGKRYRETIFDFARHREPDA : 296 
1  : -----------GAWSAAAGKVGMEENCMLLGHSCIVAPTGE------IVALTTTLEDEVITAAVDLDRCRELREHIFNFKQHRQPQH : 296  
230 240 250 260 270 280 290
a7 a8b9 b10 b11 b12 b13 b14
a6a5
5  : MEGN-LGHPVFQTQFGRIAVNICYGRHHPLNWLMYSVNGAEIIFNPSATIGELSESMWPIEARNAAIANHCFTCALNRVG----QEH : 233 
4  : GDGDGSMAPVFKTEYGNLGGLQCWEHALPLNIAAMGSLNEQVHVA-SWPAFVPKGAVSSRVSSSVCASTNAMHQIISQFYAISNQVY : 226 
3  : -PGG-QTYVSEGPKGMKISLIICDDGNYPEIWRDCAMKGAELIVR-CQGYMYPAKDQQVMMAKAMAWANNCYVAVANAAG--FDGVY : 227 
2  : EPGD-LGFGVWRAFDGVMGMCICNDRRWPETYRVMGLQGVEMVML---GYNTPYDHTGHDDIDSLTQFHNHLSMQAGAYQN------ : 226 
1  : EPGD-LGFPVYDVDAAKMGMFICNDRRWPEAWRVMGLRGAEIICG---GYNTPTHNPPVPQHDHLTSFHHLLSMQAGSYQN------ : 226 
*160 170 180 190 200 210 220
b8b7b6
 
5  : E-FAES-AEDGLTTRFCQKLAKKHNMVVISPIL-ERDRDHG-GVLWNTAVVISNSGLVMGKTRKNHIPRVG--------DFNESTYY : 151 
4  : VLFKNAIEIPSKEVQQISDAAKKNGVYVCVSVS-EKDN----ASLYLTQLWFDPNGNLIGKHRKF-KP-----------TSSERAVW : 140 
3  : ----TAVAIPGEETEIFSRACRKANVWGVFSLTGERHEEHPRKAPYNTLVLIDNNGEIVQKYRKI-IPW----------CPIEGWY- : 145 
2  : --FYEK-EMPGPETQPLFDEAKRLEIGFYLGYA-ELAEEGGRKRRFNTSILVDRSGRIVGKYRKVHLPGHKEPQPGRKHQHLEKRYF : 149 
1  : --FYET-EMPGPVVRPLFEKAAELGIGFNLGYA-ELVVEGGVKRRFNTSILVDKSGKIVGKYRKIHLPGHKEYEAYRPFQHLEKRYF : 149 
*70 80 90 100 110 120 130 140
a3 a4b3 b4 b5
5  : AAKEQQRCPQIVRVGLVQNRIPLPTSAPV--AEQVSALHKRIEEIAEVAAMC--GVNIICFQEAWNMP-------FAFCTREKLPWT :  76 
4  : ------------MKNYPTVKVAAVQAAPV--FMNLEATVDKTCKLIAEAASM--GAKVIGFPEAFIPG-YPYWIWTSNMDFTGMMWA :  70 
3  : ----MRHGDISSSNDTVGVAVVNYKMPRLHTAAEVLDNARKIADMIVGMKQGLPGMDLVVFPEYSLQG-------IMYDPAEMME-- :  74 
2  : ---------------TRIVNAAAAQMGPISRSETRKDTVRRLIALMREAKAR--GSDLVVFTELALTTFFPR--WVIEDEAELDS-- :  66 
1  : ---------------T MILAVGQQGPIARAETREQVVVRLLDMLTKAASR--GANFIVFPELALTTFFPR--WHFTDEAELDS-- :  66 RQ
*10 20 30 40 50 60
 a1 a2b1 b2
Structure
homotetramer (Figure 2c). Molecules A–C and B–D are
related by the crystallographic twofold axis. The solvent-
accessible surface of the whole tetramer is 40,232 Å2.
Within the tetramer, molecules A–B and C–D form tightly
compacted dimers, whereas the packing of A–C and A–D
is rather loose. The total area buried upon association of
the tetramer is approximately 26% of the solvent-accessi-
ble area of one isolated monomer. The buried area of each
monomer between molecules A and B (2524 Å2) is much
larger than between molecules A and C (679 Å2), and
between A and D (377 Å2). Dimer formation decreases the
total surface  area of a monomer by 19%. Of the buried
surface residues in the dimer interface, 44% are hydropho-
bic, 22% are polar and 34% are charged residues. The
dominant dimeric interface is formed by helices α5 and α6
from both monomers and by the C-terminal tail (residues
280–303) which surrounds helix α5 of the other monomer.
It appears that the C-terminal tail could play the role of a
linker between the two monomers in dimer formation.
The active site
Biochemical and mutational studies have shown that
Cys171 of DCase from Agrobacterium sp. strain KNK712
(corresponding to DCase from Agrobacterium radiobacter
NRRL B11291 Cys172) could be a catalytic residue. The
substitution of Cys172 with alanine resulted in a completely
inactive enzyme, whereas the Cys172→Ser mutant was four
orders of magnitude less active than the wild type [11].
In the present crystal structure, this residue is located at the
edge of the central β sheet. Cys171 has a forbidden combi-
nation of dihedral angles of the peptide backbone. The car-
bonyl oxygen of Cys171 forms hydrogen bonds with the
mainchain amide group (2.93 Å) and the guanidino group
(2.95 Å) of Arg174. These hydrogen bonds might be used
to maintain the peptide backbone in an unusual conforma-
tion in order to fix the orientation of the sidechain of
Cys171. Cys171 is surrounded by Glu46, Lys126, His143,
Glu145, Arg174 and Arg175 (Figures 3a,b). The proposed
catalytic residues Glu46, Lys126 and Cys171 are located at
the edges of the β strands β2, β5 and β7, respectively, to
stabilize the geometry of the active site. The active-site
pocket is formed by two helices, the short helix α2 and the
N-terminal part of α6, and by the loops connecting β5 and
α4, β7 and α5, and β8 and α6 (Figure 2a). Furthermore, the
active-site pocket is covered by the short helix α7 of the
other monomer to narrow the gate of the pocket. The
active-site pocket exists in each monomer. A region of
buried volume in DCase, corresponding to the binding
pocket, has been characterized using the program PASS
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Table 1
Data collection and refinement statistics.
Data set Native Hgλ1 Hgλ2 Hgλ3
Data collection
Wavelength (Å) 0.9341 1.0000 0.9800 1.2700
Space group P21212 P21212
a (Å) 67.84 ± 0.09 67.09 ± 0.12
b (Å) 137.83 ± 0.07 135.88 ± 0.23
c (Å) 68.39 ± 0.08 67.50 ± 0.16
Molecules/asymmetric unit 2 2
VM (Å3 Da–1) 2.34
Resolution range (Å) 69.0–1.7 37.8–1.8 47.7–1.8 47.7–2.3
Unique observations 68,596 57,522 56,712 27,749
Total observations 189,832 108,964 107,366 51,959
Completeness (%)
overall (final shell) 96.1 (91.4) 98.0 (94.6) 97.9 (95.3) 97.8 (95.7)
Rmerge*
overall (final shell) 0.064 (0.207) 0.045 (0.137) 0.050 (0.157) 0.048 (0.119)
Rcullis† 0.83 (47.7–2.0 Å) 0.89 (47.7–2.5 Å)
Phasing power 0.69 (47.7–2.0 Å) 0.53 (47.7–2.5 Å)
Refinement statistics
Resolution range (Å) 69.0–1.7
R factor (%)‡ 17.6
Rfree (%)§ 20.1
Rms deviations from ideality
bond distances (Å) 0.005
bond angles (°) 1.38
*Rmerge = ΣhklΣj|Ij (hkl) – <I(hkl)>|/ΣhklΣjIj(hkl), where Ij is the intensity of
the observation and <I> is the mean intensity of the reflection. †Rcullis is
the mean residual lack of closure error divided by the dispersive
difference, calculated for the centric reflections.
‡R factor = Σ||Fo|–|Fc||/Σ||Fo|, where |Fo| and |Fc| are the observed and
calculated structure-factor amplitudes, respectively. §Rfree was
calculated using a random set containing 5% of observations that
were omitted during refinement.
[17]. The region is largely formed by residues Phe52,
Pro130, His143, Glu145, Asn172, Asn196, Thr197, Pro198,
Asn201, Thr211 and Ile285′ (where the prime designates a
residue from the other monomer). Residues Cys171, Glu46,
Lys126, Arg174 and Arg175 lie at the bottom of the pocket.
The details of substrate binding are discussed below.
Comparison with other amidohydrolases
Several amidohydrolases, including penicillin acylase (PA)
[18], glutamine PRPP amidotransferase (GAT) [19], the
proteasome [20] and glucosamine 6-phosphate synthase
[21], have the four-layer sandwich architecture as a protein
framework. All of these enzymes belong to the superfam-
ily of N-terminal nucleophile (Ntn) hydrolases [22]. The
topological diagrams of DCase and the B chain of PA, as a
representative of the Ntn hydrolase consensus fold, are
shown in Figures 4a,b. The overall fold of the B chain of
PA is apparently different from that of DCase, even
though DCase and the B chain of PA have the common
four-layer sandwich architecture. The distinct topological
difference between DCase and the B chain of PA is found
in the orientation of the central β strands. The central 
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Figure 2
Schematic ribbon diagrams depicting the
overall structure. (a) Front view of the protein
fold of DCase. Secondary structure elements
are shown in green/blue (α helices) and
red/purple (β strands) with labeling. The
catalytic residue Cys171 is shown as a 
ball-and-stick model. The N and C termini are
labeled. (b) Side view of secondary structure
packing in the DCase fold. (c) Schematic
ribbon diagram of the DCase homotetramer
viewed along the Xm axis. The perpendicular
Ym and Zm axes are shown. The Xm and Ym
axes are noncrystallographic twofold axes. The
Zm axis coincides with the crystallographic
twofold axis, the c axis. The four monomers, A,
B, C and D, are colored red, green, cyan and
blue, respectively. The Sγ atom of the catalytic
residue Cys171 is shown as a CPK model
(colored yellow) to indicate the location of the
active site. The figure was made with the
program MOLSCRIPT [39].
β strands of DCase interact in a parallel orientation in con-
trast to the antiparallel orientation in the consensus Ntn
fold. Recently, the crystal structure of L-aminopeptidase
D-Ala-esterase/amidase (DmpA) has been solved [23].
The topological diagram of DmpA is shown in Figure 4c.
The protein fold of DmpA characterized a variant of the
Ntn hydrolase fold according to the different direction
and connectivity of the secondary structure elements.
Comparing the protein fold of DCase with that of DmpA,
both enzymes have parallel strands connected via an α
helix in each β sheet, but the two enzymes differ in the
number of parallel strands. DCase lacks an N-terminal
nucleophile and has a distinct active-site organization
from members of the Ntn hydrolase superfamily.
Among other proteins that have the four-layer sandwich
architecture, metallo β-lactamase [24], serine-threonine
phosphatase-1 (PP-1) [25] and purple acid phosphatase [26]
have the β-sandwich structure consisting of parallel β
strands. Comparing the structure of DCase with that of PP-
1, only 78 Cα atoms (i.e., 26% of the total 303 residues) can
be superposed with an rms difference of 2.96 Å. Residues
4–11 (β1), 23–35 (α1), 39–45 (β2), 47–51, 77–83 (α3), 89–94
(β3), 190–195 (β8), 221–228 (α6), 230–234 (β9) and 264–273
(β14) of DCase are topologically equivalent to residues
57–64, 68–80, 85–91, 92–96, 104–110, 117–122, 169–174,
234–241, 244–248 and 278–287 of PP-1, respectively. These
regions, which correspond to the part of the protein core
used to build up the four-layer sandwich architecture, have
a relatively similar orientation. However, there are no
residues topologically equivalent to β7, which includes the
catalytic residue Cys171. The active site of DCase cannot
map to the same location on the topology as the active site
of PP-1. Both enzymes have a similar four-layer sandwich
architecture, but differ in their active-site organization.
Among enzymes that hydrolyze an N-carbamyl moiety,
N-carbamylsarcosine amidohydrolase (CSHase; EC
3.5.1.59) is the only enzyme of known structure [27].
CSHase forms a homotetramer and the polypeptide
chain of each monomer is folded into an α/β-type struc-
ture comprising a six-stranded parallel β sheet in the
middle packed on either side by helices. Residues
Asp51, Asn94, Lys144 and Cys177 were proposed to be
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Figure 3
Electron-density map and interactions of the
active site. (a) 2Fo–Fc map showing the
active-site region calculated at 1.7 Å. The map
is contoured at 1.5σ with the final model
displayed for comparison. (b) Stereoview of
the active-site region in DCase. The catalytic
cysteine is shown in yellow. Several possible
hydrogen bonds may exist: Cys171
Sγ–WAT45 O (3.27 Å), Glu46 Oε1–WAT45
O (2.79 Å), Glu46 Oε2–Asn109 Nδ2
(3.00 Å), Glu46 Oε2–Lys126 Nζ (2.86 Å),
Lys126 Nζ–Glu145 Oε1 (2.76 Å), Glu145
Oε2–WAT45 (2.86 Å), WAT45 O–WAT178
O (3.04 Å), and Glu145 Oε2–His143 Nε2
(2.78 Å). WAT indicates a water molecule.
The figures were generated with the program
BOBSCRIPT [40].
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Structure
involved in catalysis. Arg202 and Lys217, located on
another monomer chain, were postulated to be responsi-
ble for the interaction with the carboxylic moiety of
N-carbamoylsarcosine. There are no obvious sequence
and overall structural similarities between DCase and
CSHase. It was found, however, that the catalytic
residues of DCase (Glu46, Lys126 and Cys171) have a
geometry similar to that of CSHase (Asp51, Lys144 and
Cys177). This observation suggests that a putative 
catalytic triad, Glu(Asp)–Lys–Cys, is essential for N-car-
bamylamide-hydrolyzing function.
The mechanism of N-carbamyl-D-amino acid hydrolysis
The substrate specificity of DCase has been reported [7].
DCase has a broad substrate specificity for N-carbamyl-
D-amino acids and can efficiently hydrolyze various corre-
sponding N-carbamyl derivatives of D-amino acids, such as
leucine, isoleucine, valine, methionine, phenylalanine, tryp-
tophan, alanine, threonine, serine, phenylglycine, p-hydrox-
ylphenylglycine and norleucine. However, DCase does not
hydrolyze N-carbamyl-L-amino acids, N-formyl-amino acids,
N-acetyl-amino acids and N-methyl derivatives, such as 
N-carbamylsarcosine and N-carbamyl-N-methyl-D-alanine.
Substrates lacking the carboxyl moiety, such as ethylurea,
were not hydrolyzed. Furthermore, DCase had neither urei-
dosuccinase, ornithine carbamyltransferase nor asparate car-
bamyltransferase activity. These results indicate that the
active site of DCase recognizes only the N-carbamyl and 
α-carboxyl group, while allowing various amino acid
sidechains to go into the binding pocket.
To date, the enzymatic mechanism of DCase has remained
unclear. In order to understand the role of the amino acids
involved in catalysis and substrate binding, a structural
model of a substrate complex has been constructed on the
basis of the crystal structure and information on substrate
specificity. The structural model of the complex enables us
to identify the amino acid residues (Phe52, Pro130, His143,
Glu145, Asn172, Asn196, Thr197, Pro198, Asn201, Thr211
and Ile285′) involved in substrate binding. The substrate
molecule fits well into the region of the buried volume in
DCase (Figure 5). The volume of the region is relatively
large, which is consistent with the broad substrate speci-
ficity of DCase. The key residues concerned with substrate
recognition are Arg174 and Arg175. The α-carboxyl group
of the substrate would make hydrogen bonds and/or salt
bridges with the guanidino group of the two arginines in
order to fix the position of the substrates relative to the
reactive thiol group of Cys171. This could be one of the
dominant interactions employed to maintain substrate ori-
entation. The positive charges of two arginines could
provide a favorable field to attract substrate molecules to
the binding pocket. The backbone carbonyl oxygen of
Asn196 is close to the amide protons of the carbamyl group,
and might be involved in substrate binding through hydro-
gen bonds. The sidechain of His143 is close to the carbamyl
group in the complex, but the role of His143 in substrate
binding remains unclear. The sidechain amino group of
Lys126 might also interact with the carbonyl oxygen of the
carbamyl group and stabilize the oxyanion of the tetrahedral
intermediate. The sidechain of Asn172 is located near the
Cα atom of the substrate. In the case of a complex with
N-carbamyl-L-amino acid as substrate, unfavorable van der
Waals contacts may occur between the sidechain of Asn172
and those of the substrate. The sidechain of Ile285 in the
734 Structure 2000, Vol 8 No 7
Figure 4
Comparison of the topology of DCase and Ntn hydrolases.
(a) Topological diagram of the protein fold of DCase. The α helices
and β strands are shown by circles and triangles, respectively. Three
parallel β strands are shown by shaded triangles. (b) Topological
diagram of the B chain of penicillin acylase. The Ntn hydrolase
consensus fold is represented by shading. (c) Topological diagram of
DmpA. DmpA is a variant on the Ntn hydrolase fold. Two parallel 
β strands are shown by shaded triangles. The N and C termini are
labeled. The locations of the catalytic residues (serine or cysteine) of
the three enzymes are labelled. The figures were made with the
program TOPS [41] and manually modified for simplification.
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other monomer may also make contact with the sidechain
of the L-isomer. These observations could well explain the
D-stereospecific hydrolysis of DCase.
From the electron density around Cys171, two water mol-
ecules were identified, WAT45 and WAT178 (Figure 3).
The distances between the oxygen atoms of the two water
molecules and the Sγ atom of Cys171 are 3.27Å and 3.33 Å,
respectively. WAT45 makes hydrogen bonds with the Oε1
atom of Glu46 and the Oε2 atom of Glu145, with the dis-
tances being 2.79Å and 2.86 Å, respectively. In the model of
the enzyme–substrate complex, two water molecules could
occupy the position of the carbamyl group of the substrate.
Another water molecule (WAT107), close to the sidechain
of Arg175, could replace the α-carboxyl group of the sub-
strate. The proposed mechanism is outlined in Figure 6.
The carboxyl group of Glu46 serves as a general base cata-
lyst and abstracts a proton from the thiol group, probably
through direct interaction between the two groups. Another
possible explanation is that the carboxylate of Glu46
abstracts a thiol proton through a bridging water molecule.
We have adopted the former mechanism because the dis-
tance between the Sγ atom of Cys171 and the Oε atom of
Glu46 can be less then 3.0 Å in a combination of rotamers of
the two sidechains, and no bridging water molecule is
thought to be necessary for the activation of Cys171. The
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Figure 5
The model of the active site with bound
substrate, N-carbamyl-D-phenylalanine
(c-D-Phe). The residues of DCase most likely to
be involved in catalysis and substrate binding
are colored by residue type (acidic amino acids
in red, basic in blue, polar in green and
hydrophobic in yellow). The substrate is colored
by atom type (carbon atoms in gray, nitrogen in
blue and oxygen in red). The labels of three
catalytically important residues (Glu46, Lys126
and Cys171) are colored red. The figure was
produced using the programs MOLSCRIPT
and Raster3D [42]. Details of modeling are
given in the Materials and methods section.
Figure 6
Proposed mechanism of N-carbamyl-D-amino
acid hydrolysis (see text for details). The
nucleophilicity of Cys171 is enhanced by the
carboxyl group of Glu46. The ε-amino group of
Lys126 stabilizes the tetrahedral intermediate.
Deacylation involves a water molecule that is
activated through a similar mechanism.
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Structure
activated nucleophile attacks the amide carbon of a sub-
strate to form a tetrahedral intermediate that is stabilized by
the ε-amino group of Lys126. The intermediate then col-
lapses to form an acyl–enzyme complex and releases
ammonia that might receive a proton from the carboxyl
group of Glu46. The release of ammonia could be promoted
by an electrostatic interaction through the carboxyl group of
Glu145. Deacylation is accomplished by nucleophilic attack
by a water molecule that replaces ammonia, and the water
molecule is activated by Glu46 through a general-base acti-
vation mechanism. The released N-carboxy-amino acid
spontaneously collapses and then converts to the corre-
sponding D-amino acid and carbon dioxide.
Biological implications
N-carbamyl-D-amino acid amidohydrolase (DCase) cat-
alyzes the hydrolysis of N-carbamyl-D-amino acids to
the corresponding D-amino acids. In addition to DCase,
many other N-carbamylamide hydrolases are known,
such as β-alanine synthase, ureidosuccinase, citrulli-
nase, N-carbamylsarcosine amidohydrolase (CSHase)
and N-carbamyl-L-amino acid amidohydrolase. All
these enzymes possess a common N-carbamylamide-
hydrolyzing function, but differ in their substrate speci-
ficity and other properties. Sequence analysis shows
DCase to have weak sequence similarity with β-alanine
synthase, aliphatic amidases and nitrilases. Residues
postulated to be involved in catalysis are strictly con-
served across a family of these hydrolases. It was previ-
ously proposed that DCase was in fact β-alanine
synthase and might have a role within pyrimidine or
purine metabolism; however, DCase shows no specific
activity for N-carbamyl-β-alanine. At present, there is
little understanding of the true physiological function of
DCase. DCase could be an enzyme that has diverged
from these hydrolases. It is suggested that these
enzymes probably share a common structural and cat-
alytic framework.
Here, we describe the crystal structure of DCase from
Agrobacterium sp. strain KNK712. DCase exists as an
associated homotetramer in the crystal. The core of the
enzyme has a four-layer sandwich architecture, which is
formed by two β sheets sandwiched between layers of 
α helices. The topological diagram of the connectivity in
the secondary structure elements of DCase differs from
that of other amidohydrolases belonging to the superfam-
ily of N-terminal nucleophile (Ntn) hydrolases, which
share a similar four-layer sandwich architecture. The
active-site pocket is formed by two helices and three
loops. Furthermore, the active-site pocket is covered by a
short helix from another monomer to narrow the gate of
the pocket. Arg174 and Arg175 might have a key role in
substrate recognition, anchoring α-COO– of the sub-
strate relative to the reactive thiol group of Cys171. The 
D-stereospecific hydrolysis of DCase could be explained
by unfavorable van der Waals contacts with an L-isomer.
Comparing the putative active site of DCase with those
of other amidohydrolases, it is found that the catalytic
residues of DCase (Glu46, Lys126 and Cys171) have a
geometry similar to that of CSHase (Asp51, Lys144 and
Cys177). This suggests that a putative catalytic triad,
Glu(Asp)–Lys–Cys, is essential for N-carbamylamide-
hydrolyzing function.
On the basis of the DCase structure a mechanism of
enzyme action is proposed. The crystal structure of
DCase is the first three-dimensional structure of a
member of a family of hydrolases, including β-alanine
synthase, aliphatic amidases and nitrilases. Structural
studies on DCase support the common catalytic mecha-
nism for this family of enzymes and suggest an evolu-
tionary relationship.
Materials and methods
Crystallization and data collection
The molecular cloning, expression and purification procedure were
described previously [5]. Native crystals were grown from 0.2 M LiCl
solution in 0.1 M HEPES buffer pH 7.5, with 20% PEG 6000 at 20°C
by the sitting-drop vapor diffusion method. The heavy-atom derivatives
were obtained by soaking native crystals in solutions containing 1 mM
EMTS for three days. The native crystals and EMTS derivatives belong
to space group P21212 with a = 67.84, b = 137.83, c = 68.39 Å, and
a = 67.09, b = 135.88, c = 67.50 Å, respectively. The MAD data col-
lection of DCase was performed under the trichromatic concept at
RIKEN beamline I (BL45XU) at SPring-8 [28,29]. The trichromatic
concept for MAD is that three kinds of data sets at three wavelengths
are taken quasi-simultaneously for a single crystal without changing any
setting of the trichomator. Native data for the refinement were also col-
lected at RIKEN beamline I. Data were processed with the programs
DENZO and SCALEPACK [30]. Data statistics are given in Table 1.
MAD analysis, model building and refinement
Experimental phases were obtained with MAD using the Hgλ1 (1.0 Å)
data set as native, the dispersive differences from the Hgλ2 (0.98 Å)
and Hg λ3 (1.27 Å) data sets, and the anomalous differences from the
Hgλ1, Hgλ2 and Hgλ3 data sets. The phases, calculated with program
MLPHARE [31] or PHASES [32], had a mean figure of merit of 0.51 at
2.0 Å resolution. After solvent flattening and averaging with DM [30],
the electron density was readily interpretable and an almost complete
model was built at this stage with the program O [33]. The model at
this stage was used to determine the phases of the native DCase
crystal by the molecular replacement method with AUTOMR [34].
Solvent flattening and averaging with DM were applied, and the model
was built excluding several residues that had ambiguous electron
density. The model was refined with CNS [35] with an Rfree set (5% of
the reflections) put aside before refinement. The final model contains all
606 amino acid residues and 760 water molecules.
Modeling of the complex
The substrate, N-carbamyl-D-phenylalanine (c-D-Phe), was manually
docked into the active site of DCase by superposing the carbon atom of
the carbamyl group and the carbon atom of α-COO– with the position of
water molecules WAT178 and WAT107, respectively. The initial model
of the complex was optimized by 2000 steps of the conjugate gradient
energy minimization using the program PRESTO [36]. In order to make
the substrate stay around the catalytic residues, weak distance restraints
were applied to distances between the substrate and the enzyme. Four
distances (Cys171 Sγ–C of the carbamyl group, Lys126 Nζ–O of the
carbamyl group, Arg174 Cζ–C of α-COO– and Arg175 Cζ–C of
α-COO–) were restrained to below 3.5, 4.0, 5.0 and 5.0 Å, respectively.
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Another 2000 steps of energy minimization were then performed without
any distance restraints. The substrate could freely move to minimum
energy conformations. During all energy minimization, the positional
restraint was applied for all non-hydrogen atoms of DCase excluding
residues (Glu46, Lys126, Pro130, His143, Glu145, Cys171, Asn172,
Arg174, Arg175, Thr197, Pro198, Asn201, Thr211 and Ile285′) in the
active-site pocket to minimize structural changes of the enzyme.
Accession numbers
Atomic coordinates and structure factors have been deposited in the
Protein Data Bank (accession number 1ERZ). The DNA sequence of
DCase was deposited in GenBank (accession code I27672).
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